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Abstract
Background: To evaluate the use of unbiased computer-assisted lateralization of temporal lobe
epilepsy (TLE) by z-score parametric PET imaging (ZPET).
Methods: 38 patients with histologically proven unilateral TLE due to pure hippocampal sclerosis,
referred for pre-surgical PET evaluation of intractable seizure over a 5-year period, were included.
The F-18 FDG images were oriented along temporal long axis and then transformed into ZPET
images on a voxel by voxel basis. Multiple regions of interests (21 in total) were placed on cortical,
subcortical and cerebellar structures on twenty-eight out of 38 patients with totally seizure-free
(class I) outcome. Paired t-tests with Bonferroni correction were used to determine the location
of the most asymmetric regions as variables for subsequent discriminant analysis of the entire group
of the patients.
Results: The computer program identified the anterior half of the temporal lobe (p < 0.0005) and
thalami (p = 0.021) as the most asymmetric regions in TLE patients with Class I outcome.
Discriminant analysis using z-scores from a total of 8 ROIs (in 4 pairs) on these structures correctly
lateralized thirty-seven out of 38 (97%) patients (sensitivity = 94%; specificity = 100%). The only
false localization came from a patient with equivocal z-scores on the temporal lobes and this patient
turned out to have poor outcome.
Conclusion: The computer-assisted lateralization of TLE using ZPET provides an accurate, fast
and objective way of seizure evaluation.
Background
The interictal state of temporal lobe epilepsy (TLE) is char-
acterized by decreased uptake due to hypometabolism on
F-18 fluorodeoxyglucose (FDG) positron emission tom-
ography (PET) images. Spanaki et al. suggested that sei-
zures might have a reversible effect on brain areas
connected with, but remote from, the epileptogenic cortex
[1]. Vinton et al found patients with medically refractory
temporal lobe epilepsy to have a better surgical outcome
when a greater proportion of the hypometabolic volume
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was resected [2]. Choi et al noticed that extratemporal cor-
tical hypometabolism outside the seizure focus, in partic-
ular hypometabolism in the contralateral cerebral cortex,
might be associated with a poorer postoperative seizure
outcome in TLE. These regions might represent underly-
ing pathology that was potentially epileptogenic [3]. Such
results indicate that discerning the presence and the exact
extent of hypometabolism is clinically significant in plan-
ning surgery and predicting outcome. Thus, automatic
unbiased techniques to better elucidate regional meta-
bolic abnormalities are important to the treatment of
patients with temporal lobe epilepsy.
Routine interpretation of PET images to evaluate hypome-
tabolism involves visual assessment of images normalized
to the region of maximal uptake. Color scales or continu-
ous gray scales are used to determine qualitative differ-
ences in metabolism. Unfortunately, besides human
observer variability, factors such as medications and exter-
nal stimuli yield variability in glucose metabolism, which
affects the maximal pixel count between patients and tem-
porally within the same patient. Traditional analysis also
involves comparison of homologous regions, which
implicitly assumes a relatively normal contralateral side.
Wong et al [4] proposed a method using individual sub-
ject's z-map parametric statistical imaging. The method
utilizes an individual's mean cerebral glucose metabolism
and indexes the changes relative to the mean rather than
maximum pixel intensity. Such a map models each pixel
in terms of the standard deviation from the mean glucose
metabolism of the particular subject. It does not require
the use of a group of normal subjects for comparison and
assumes the identical nature of all human brains.
The average intra-subject coefficient of correlation
between the individual normal subjects' right and left
hemispheric metabolism has been shown to be 80% [5].
The averages of the inter-subject coefficients of correlation
of a particular region of normal subjects' metabolism
against their respective global means of all regions from
each individual subject are also around 80%, which are
not significantly different between the hemispheric intra-
subject's variability [5]. Besides, the calculation of the glo-
bal mean will not be significantly affected by as much as
8% of brain regions being abnormal [4]. Thus, despite the
potential normal brain heterogeneity, the comparison to
the global mean would not differ from the traditional side
by side comparison used for unbiased clinical interpreta-
tion of brain PET images.
The purpose of this study is to retrospectively evaluate the
use of totally unbiased automatic computerized determi-
nation of the lateralization and the extent of epileptic foci
utilizing the z-map parametric statistical imaging.
Methods
Patients
Interictal PET images from 38 patients with surgically
proven unilateral temporal lobe epilepsy due to pure hip-
pocampal sclerosis referred for pre-surgical PET evalua-
tion of intractable seizure over a 5-year period at mean age
of 31 were analyzed. All patients had extensive clinical,
EEG, neuro-psychologic and MRI evaluation. In 18
patients, the seizure focus was found on the left temporal
lobe. The other 20 patients had right side temporal focus.
Twenty-eight of the 38 patients had seizure free (Engel
Class I [6]) outcome after surgery.
Scintigraphic methods
All patients received an average dosage of 10 mCi (370
MBq) of F-18 FDG in a fasting state. EEG monitoring was
performed shortly before the tracer injection and during
the uptake period of the F-18 FDG. PET image acquisition
was begun about 45 minutes after injection. The PET cam-
era was a Posicam 6.5 (Positron, Houston, TX) and data
were acquired in a 256 × 256 matrix with a pixel size of 1.7
mm, using a uniform attenuation coefficient of 0.096 cm-
1. The images were re-oriented along the temporal axis
and zoomed to a final pixel size and slice thickness of 3.4
mm.
Image Analysis
A voxel by voxel transformation of the PET image into a z-
score parametric PET image was performed using PV-
WAVE ADVANTAGE (Visual Numerics, Boulder, CO)
using the methods described below. The mean and stand-
ard deviation of pixels whose counts were greater than
50% of the maximal count were calculated. Then the
whole volume of brain image was transformed into z-
scores on a pixel by pixel basis using the formula [4]:
Z(x, y, z) = { I(x, y, z) - μ }/σ
where μ and σ are the respective mean and standard devi-
ation of the pixel counts. The 50% of maximum count was
chosen to exclude ventricles and white matter from being
involved in the calculations. Since at least 20,000 pixels
are used in the calculations, the pixel distribution is essen-
tially Gaussian and a small percent of outlier values due to
seizure focus will not significantly affect the results [4].
Multiple regions of interest (ROIs) were then placed on
the z-map images guided by an automatic sectorial gird
generated by computer [5]. A total of 21 pairs of ROIs
were placed on transaxial slices rotated along the tempo-
ral long axis in anterior frontal (AF), posterior frontal
(PF), parietal (PA), occipital-parietal (OP), anterior tem-
poral (AT), posterior temporal (PT) regions, caudate
nucleus (CN), thalamic nucleus (TN) and cerebellum
(CB). There were six temporal regions generated labeledBMC Nuclear Medicine 2007, 7:5 http://www.biomedcentral.com/1471-2385/7/5
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as: mesial, anterior, anterolateral, mesioateral, posterola-
teral and occipitotemporal regions (Fig. 1). There were six
frontal regions: cingulate gyrus, and 5 other frontal
regions labeled 1 to 5 from anterior to posterior frontal
lobe (Fig 2). There were 4 parietal regions labeled as 1 to
4 from anterior to posterior area, 1 parietooccipital region
and 1 visual cortical region (Fig 3). Lastly, there was one
pair of ROIs on each of the cerebella, caudate and tha-
lamic nuclei (Fig. 4). In addition, 4 pairs of ROIs on the
coronal slice through the mid anterior temporal region,
which covered the most hypometabolic areas of TLE on
the temporal lobes and thalami, were used for discrimi-
nant analysis in predicting seizure focus (Fig. 5).
Statistical Analysis
The asymmetry in FDG metabolism was evaluated by
comparing differences between homologous regions in
the subset of patients (28 out of total 38) with totally sei-
zure free (class I) outcome. Paired t-tests with Bonferroni
correction were performed to determine the location and
hence the extent of the most asymmetric regions on
metabolism (Figs. 1 to 5). Discriminant analysis was per-
formed against the dichotomous results of seizure focus
using z-scores of the 4 pairs of ROIs from the temporal
and thalamic regions (Fig. 5, Table 1) as independent var-
iables to lateralize the seizure site on all the 38 patients.
Results
All ZPET images analyzed were truly interictal based on
the EEG and clinical monitoring of seizure activity during
the uptake phase of F-18 FDG before PET imaging. The
computer program identified the anterior half of the tem-
poral lobe (p < 0.0005) and thalami (p = 0.021) as the
most asymmetric regions in TLE patients with Class I out-
come. Discriminant analysis using z-scores from the most
asymmetric regions correctly lateralized thirty-seven out
of the 38 (97%) of patients (sensitivity = 94%; specificity
= 100%). The only false localization came from a patient
with equivocal z-scores on the temporal lobes and this
patient had poor outcome. The results suggested also
extension of functional abnormality outside the temporal
lobe into the ipsilateral thalamic, frontal and parietal
areas (Figs. 2, 3, 4). On the other hand, the majority of the
archeocortical structures like visual cortex, cingulum, sen-
sorimotor, caudate and cerebellum were not affected
(Figs. 2, 3, 4).
Discussion
Hypometabolism, manifested by decreased glucose
uptake on FDG-PET scans of interictal seizure patients, is
correlated with the postulated epileptogenic zone and
adjacent surrounding areas. Takaya et al [7] found that
Parietal and occipital z-scores Figure 3
Parietal and occipital z-scores. PAR = parietal: 1 to 4 from 
anterior to posterior; PARO = parieto-occipital; VISU = vis-
ual cortex.
Frontal z-scores Figure 2
Frontal z-scores. CING = cingular, FRON = frontal: 1 to 5 
from anterior to posterior.
Temporal lobe z-scores Figure 1
Temporal lobe z-scores. TEM = temporal, M = mesial, A = 
anterioir, AL = anterolateral, PL = posterolateral, O = occip-
ital.BMC Nuclear Medicine 2007, 7:5 http://www.biomedcentral.com/1471-2385/7/5
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prefrontal hypometabolism led to deficits on the Modi-
fied Wisconsin Card Sorting Test and showed more pre-
servative errors by the frequent seizure group than the rare
seizure group. Joo et al [8] indicated that there was resto-
ration of frontal lobe glucose metabolism in patients with
good seizure control after temporal lobe epilepsy surgery.
This suggests the functional nature of extratemporal met-
abolic abnormality noted in the current study.
Vinton et al [2] studied the relationship of FDG PET statis-
tical parametric mapping by quantifying a volume of
hypometabolism and co-registering the PET with MRI to
study the relationship of the amount of hypometabolic
tissue removed during temporal lobe resection and sei-
zure outcome. They found the more hypometabolic
region resected, the better the outcome. Thus accurate
unbiased computer determination in a consistent manner
to reliably localize temporal lobe hypometabolism will
aid in determining the surgical field of resection and
improve patient outcome. The initial work by Wong et al
[4] used the strict classification of "good outcome" as sei-
zure free (Class I) outcome and showed statistical para-
metric mapping z-map to be an accurate method to
evaluate the correlation between the degree of hypome-
tabolism and seizure outcome. The threshold z-score of -
1.5 found by Wong et al [4] for the discriminating power
of ZPET in predicting surgical outcome was important in
visual identification of areas with functional (metabolic)
abnormality due to seizure. The same method was
employed in the current study to evaluate by computer,
without visual input, for the total extent of functional
metabolic cortical abnormality due to TLE caused by a
homologous pathology of pure temporal lobe sclerosis.
The discriminant analysis again reiterated the prior obser-
vation [4] that equivocal distinction of z-scores of metab-
olism by FDG PET between the temporal lobes was
associated with poor outcome (Table 1). The diagnostic
results were similar to other studies using automatic arti-
ficial neural network [9].
The prognostic value of exact location of hypometabolism
measured by PET within the temporal lobe is still debat-
ing. Some studies suggested that patients with mesial tem-
poral hypometabolism on PET might have a higher
probability of becoming seizure free postoperatively than
did patients with hypometabolism in other parts of the
temporal lobe [10,11]. However, other studies indicated
that lateral temporal lobe [12] or temporal pole hypome-
tabolism [13] were better predictors of a seizure-free post-
operative outcome. Most of the prior studies included
patients who had different etiologies, such as mesial scle-
rosis, tumor and dysplasia. This prognostic controversy
has been partly addressed by Lee et al [14] using relative
asymmetric index in patients with pure temporal sclerosis.
The patients recruited for the study were highly selected
surgical candidates with pure temporal sclerosis. All the
available tests (MRI, PET, EEG) and clinical and neuropsy-
chological evaluation converged to the same conclusion
before surgery was performed. Thus the numbers with
poor surgical outcome might be small or the analysis
might be biased towards good prognostic implications.
Further studies on both surgical and non-surgical candi-
dates using long term follow up are required to further
Table 1: Results of Discriminant Analysis, showing high 
discriminant power of z-score PET (ZPET) in lateralization of 
seizure focus (p < 0.000001).
Total = 38 Patients Abnormal ZPET Normal ZPET
Seizure side (18) 17/18 (94%) 1/18 (6%)*
Normal size (20) 0/20 (0%) 20/20 (100%)
*This patient had equivocal z-score on temporal lobe and suffered 
from poor surgical outcome.
Subcortical and cerebellar z-scores Figure 4
Subcortical and cerebellar z-scores, CANU = caudate, 
THNU = thalamus, CBL = cerebellum.
ROIs used for discriminant analysis Figure 5
ROIs used for discriminant analysis. THNC = thalamus; COR 
= coronal: M, I, L represent mesial, inferior, lateral temporal 
lobe.BMC Nuclear Medicine 2007, 7:5 http://www.biomedcentral.com/1471-2385/7/5
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address the true prognostic implications of the location,
extent and severity of hypometabolism measured by PET.
It was interesting to note the computer findings in current
study about the involvement of ipsilateral thalamus in
TLE. It might be due to sensory deafferentation from the
severity or chronic nature of TLE. As Choi et al [3] had
pointed out, thalamic hypometabolism was associated,
but not independently, with a higher likelihood of post-
operative seizures [3]. Contralateral thalamic involve-
ment might be secondary to extratemporal or temporal
pathology. This was outlined by Newberg et al [15] in
their study of patients with temporal lobe epilepsy. They
found that the thalamic metabolic asymmetry, particu-
larly in the reverse direction (contralateral) to that of the
temporal lobe asymmetry, was associated with a poor
post-surgical outcome compared with no or matched
asymmetry. Thus the current method of automatic unbi-
ased computerized determination of the extent and sever-
ity of brain hypometabolism is important in evaluating
epileptic patients and selecting optimal candidates for sur-
gical intervention.
Statistical parametric mapping removes inter-observer
variations as shown by Vinton et al [2] and Wong et al [4].
The study successfully utilized totally unbiased computer
assisted statistical parametric analysis using z-scores for
lateralization to find significant metabolic differences
among various brain regions from the functional effects of
epilepsy due to pure temporal lobe sclerosis and localized
them in a manner which correlated well in patients having
a good surgical outcome. Since the study was designed for
unilateral disease using computer for side to side compar-
ison of z-scores, the methodology may not be applicable
or may be limited in bilateral disease. Further studies are
needed from proven bilateral cases to address this difficult
issue, which include at least some determination of a
potential threshold z-score value based on clinical prog-
nosis[4].
As the effects of epileptic focus are usually contiguous (by
neuronal connections) and the main focus of the study is
to evaluate to the extent of functional abnormality from
pure temporal lobe epileptic focus, the traditional ROI
sampling guided by automatic individualized grid used in
the current study will be a sufficient sampling method for
detecting the extent of the abnormality. The more precise
method of statistical probabilistic anatomical mapping
(SPAM) would be useful if one want to know the exact
focus of activation or abnormality, which was first used in
MRI [16] and recently also in functional imaging such as
single photon emission computed tomography (SPECT)
[17] and PET [14]. However, considering the objective of
our current study, the simplicity of the method used, the
resolution of the PET camera and the Gaussian nature of
the tracer distribution, the current methodology will be a
good approximation to the probabilistic anatomical map-
ping. The automatic computer method helped to deter-
mine the location, severity and extent of functional brain
abnormalities due to temporal lobe seizure, unbiased by
any human input.
Conclusion
The results show significant metabolic differences
between homologous brain regions determined by com-
puter assisted z-score lateralization that accurately iden-
tify regions and the extent of hypometabolism associated
with temporal lobe seizures. The computer-assisted later-
alization of TLE using ZPET provides an accurate, fast and
objective way of seizure focus and extent evaluation.
Abbreviations
EEG, Electroencephalography; FDG, F-18 fluorodeoxyglu-
cose; MRI, Magnetic resonance imaging; PET, Positron
emission tomography; ROI, Region of interest;
TLE, Temporal lobe epilepsy; SPAM, Statistical probabilis-
tic anatomical mapping;
SPECT, Single photon emission computed tomography;
ZPET, Z-score parametric PET imaging.
Competing interests
The author(s) declare that they have no competing inter-
ests.
Authors' contributions
CYOW conceived of the study, participated in its design
and coordination, performed computer programming
and statistical analysis and involved in manuscript writ-
ing. JG and JB carried out data collection and literature
search and involved in manuscript writing. COW helped
in data collection, performed literature search and pre-
pared illustrations. GBS participated in data analysis,
study coordination and manuscript writing. All authors
read and approached the final manuscript.
Acknowledgements
The authors would like to express their gratitude to nuclear medicine and 
neurology staff at the Cleveland Clinic Foundation and William Beaumont 
Hospitals.
References
1. Spanaki MV, Kopylev L, DeCarli C, Gaillard WD, Liow K, Fazilat S,
Fazilat S, Reeves P, Sato S, Kufta C, Theodore WH: Postoperative
changes in cerebral metabolism in temporal lobe epilepsy.
Arch Neurol 2000, 57(10):1447-52.
2. Vinton AB, Carne R, Hicks RJ, Desmond PM, Kilpatrick C, Kaye AH,
O'Brien TJ: The extent of resection of FDG-PET hypometab-
olism relates to outcome of temporal lobectomy.  Brain 2007,
130(2):548-60.
3. Choi JY, Kim SJ, Hong SB, Seo DW, Hong SC, Kim BT, Kim SE:
Extratemporal hypometabolism on FDG PET in temporalPublish with BioMed Central    and   every 
scientist can read your work free of charge
"BioMed Central will be the most significant development for 
disseminating the results of biomedical research in our lifetime."
Sir Paul Nurse, Cancer Research UK
Your research papers will be:
available free of charge to the entire biomedical community
peer reviewed and published  immediately upon acceptance
cited in PubMed and archived on PubMed Central 
yours — you keep the copyright
Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp
BioMedcentral
BMC Nuclear Medicine 2007, 7:5 http://www.biomedcentral.com/1471-2385/7/5
Page 6 of 6
(page number not for citation purposes)
lobe epilepsy as a predictor of seizure outcome after tempo-
ral lobectomy.  Eur J Nucl Med Mol Imaging 2003, 30(4):581-7.
4. Wong CY, Geller EB, Chen EQ, MacIntyre WJ, Morris HH 3rd, Raja
S, Saha GB, Lüders HO, Cook SA, Go RT: Outcome of temporal
lobe epilepsy surgery predicted by Statistical Parametric
PET imaging.  J Nucl Med 1996, 37(7):1094-1100.
5. Wong CY, Thie J, Gaskill M, Ponto R, Hill J, Tian HY, Balon H, Wu D,
Fink-Bennett D, Nagle C: A statistical investigation of normal
regional heterogeneity of brain metabolism and perfusion by
F-18 FDG and O-15 H2O PET imaging.  BMC Nucl Med 6:4.
2006; Jul 12
6. Engel J Jr, Van Ness PC, Rasmussen TB: Outcome with respect to
epileptic seizures.  In Surgical treatment of the epilepsies 2nd edition.
Edited by: Engel J Jr. New York: Raven Press; 1993:609-21. 
7. Takaya S, Hanakawa T, Hashikawa K, Ikeda A, Sawamoto N, Nag-
amine T, Ishizu K, Fukuyama H: Prefrontal hypopfunction in
patients with intractable mesial temporal lobe epilepsy.  Neu-
rology 2006, 67:1674-1676.
8. Joo EY, Hong SB, Han HJ, Tae WS, Kim JH, Han SJ, Seo DW, Lee KH,
Hong SC, Lee M, Kim S, Kim BT: Postoperative alteration of cer-
ebral glucose metabolism in mesial temporal lobe epilepsy.
Brain 2005, 128(8):1802-10.
9. Lee JS, Lee DS, Kim SK, Lee SK, Chung JK, Lee MC, Park KS: Local-
ization of epileptogenic zones in F-18 FDG brain PET of
patients with temporal lobe epilepsy using artificial neural
network.  IEEE Trans Med Imaging 2000, 19(4):347-55.
10. Delbeke D, Lawrence SK, Abou-Khalil BW, Blumenkopf B, Kessler
RM:  Postsurgical outcome of patients with uncontrolled
complex partial seizures and temporal lobe hypometabo-
lism on 18FDG-positron emission tomography.  Invest Radiol
1996, 31:261-6.
11. Manno EM, Sperling MR, Ding X, Jaggi J, Alavi A, O'Connor MJ, Reivich
M:  Predictors of outcome after anterior temporal lobec-
tomy: positron emission tomography.  Neurology 1994,
44:2331-6.
12. Theodore WH, Sato S, Kufta C, Balish MB, Bromfield EB, Leiderman
DB: Temporal lobectomy for uncontrolled seizure: the role
of positron emission tomography.  Ann Neurol 1992, 32:789-94.
13. Dupont S, Semah F, Clemenceau S, Adam C, Baulac M, Samson Y:
Accurate prediction of postsurgical outcome in mesial tem-
poral lobe epilepsy.  Arch Neurol 2000, 57:1331-6.
14. Lee SK, Lee DS, Yeo JS, Lee JS, Kim YK, Jang MJ, Kim KK, Kim SK, Oh
JB, Chung CK: FDG-PET images quantified by probabilistic
atlas of brain and surgical prognosis of temporal lobe epi-
lepsy.  Epilepsia 2002, 43(9):1032-8.
15. Newberg AB, Alavi A, Berlin J, Mozley PD, O'Connor M, Sperling M:
Ipsilateral and contralateral thalamic hypometabolism as a
predictor of outcome after temporal lobectomy for seizures.
J Nucl Med 2000, 41(12):1964-8.
16. Penhune VB, Zatorre RJ, MacDonald JD, Evans AC: Interhemi-
spheric anatomical differences in human primary auditory
cortex: probabilistic mapping and volume measurement
from magnetic resonance scans.  Cereb Cortex 1996, 6:661-672.
17. Lee TH, Kim SJ, Kim IJ, Kim YK, Kim DS, Park KP: Statistical para-
metric mapping and statistical probabilistic anatomical
mapping analyses of basal/acetazolamide Tc-99m ECD brain
SPECT for efficacy assessment of endovascular stent place-
ment for middle cerebral artery stenosis.  Neuroradiology 2007,
49(4):289-98.
Pre-publication history
The pre-publication history for this paper can be accessed
here:
http://www.biomedcentral.com/1471-2385/7/5/prepub